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In this talk, I review the recent experimental developments on charmonium. These mainly include 
the precision measurements of spin-singlet states n c , n c (2S), h c , studies of the charmonium-like states 
X(3872) and the Y states. Charmonium transitions and decays are also discussed. 



Introduction 

Charmonia are charmed-quark and anticharmed- 
quark states (cc) bound by the strong interaction. 
Charmed quarks are heavy, so the motion of the charm 
quark inside the bound state is slow, v 2 ~ 0.3, where 
v is relative velocity between the c and c. The char- 
monium system can be approximately considered as a 
non-relativistic bound state. The energy levels can be 
found by solving a non-relativistic Schrodinger equa- 
tion, with sophisticated corrections (e.g. relativistic 
correction) and other effects. Figure fl] shows the char- 
monium levels from this approach Although all 
charmonium states below the DD mass threshold have 
been observed, knowledge is sparse on spin-singlet 
S-wave 77 c (l 1 S'o), the r) c (2S)(2 1 S ), and the P -wave 
ft c (l 1 Pi). Above the threshold, the spin-triplet S- 
wave states -0(4040), and 0(4415), and the D-wave 
0(3770), and 0(4160) have been found. The 0(4040), 
-0(4415), 0(3770), 0(4160) are commonly assigned as 
0(3 3 5'i), 0(4 3 S'i), 0(l 3 £>i) and i}{2 3 D 1 ), re_spectively. 
The Z(3930) observed by Belle in the DD mass dis- 
tribution from e + e~ — > ( 



DD events, is identified 



with x' C 2 (2 3 P 2 ) 



The h c (^Pi) 



Information about the spin-dependent interaction 
of heavy quarks can be obtained from precise mea- 
surement of the IP hyperfine mass splitting A M^f = 
(M(l 3 P))-Af(l 1 P 1 ), where (Af(l 3 P 7 )) = (M( Xc0 ) + 
3M(xci) + 5M(xc2))/9 = 3525.30 ± 0.04 MeV/c 2 [3] 
is the spin-weighted centroid of the 3 Pj mass and 
Af(l 1 Pi) is the mass of the singlet state h c . A non- 
zero hyperfine splitting may give an indication of non- 
vanishing spin-spin interactions in charmonium poten- 
tial models g]. 

With 106M -0' events, BESIII observed clear sig- 
nals in the 7r° recoil mass distribution for 0' — > ir°h c 
with and without the subsequent radiative decay h c — ► 
IVc [2] i as shown in Fig. [2j They reported first mea- 
surements of the absolute branching ratios B(ip' —> 
ir°h c ) = (8.4 ± 1.3 ± 1.0) x 10~ 4 and B(h c -> jr) c ) = 
(54.3±6.7±5.2)%, along with improved measurements 
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FIG. 1: The charmonium states pQ. Dashed line denotes 
the DD mass threshold. 



of the h c mass M(h c ) = 3525.40±0.13±0.18 MeV/c 2 . 
They found the IP hyperfine mass splitting to be 
A M hf = (M(1 3 P)) - M^ 1 Pi) = -0.10 ± 0.13 ± 
0.18 MeV/c 2 , which is consistent with no strong spin- 
spin interaction. The results are in agreement with 
CLEO-c's earlier results [6]. 

In addition, BESIII used 16 exclusive hadronic r\ c 
decay modes to reconstruct h c — > jr] c . By doing 
so, the ratio of signal to background can be im- 
proved significantly. A simultaneous fit to the 7r° re- 
coil mass distributions of the 16 decay modes was 
performed. From 106M 0' events, 835 ± 35 sig- 
nal events are found. The measured h c mass and 
width are m = 3525.31 ± 0.11 ± 0.15 MeV/c 2 , and 
T = 0.70 ±0.28 ±0.25 MeV, which are consistent with 
the inclusive analysis results, and also consistent with 
CLEO-c's results [6]. 



The n c (2S) 

The radially excited n — 2 spin-singlet 5-wave 
state, the r] c (2S) meson, was not well established un- 
til the Belle collaboration found the rj c (2S) signal at 
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FIG. 2: Top: the 7r° recoil mass spectrum and fit for the 
Sl-tagged analysis of ip' — > ir°h c , h c — > yr] c ; bottom: the 
7T° recoil mass spectrum and fit for the inclusive analysis of 

Ip' -> TT°hc M- Fits 

are shown as solid lines, background as 
dashed lines. The insets show the background-subtracted 
spectra. 



3654 ± 6(stat) ± 8{syst) MeV/c 2 in the K s K + n~ 
invariant mass distribution in a sample of exclusive 
•q c {2S) — > K s K + tt~ decays [7J. Since then measure- 
ments of 7] C (2S) in photon-photon fusion to KKit final 
state have been reported [8"rll0|. as well as in double 
charmonium production [HI [12]. CLEO-c searched 
for n c {2S) in the radiative decay ip' —> jv^S), found 
no clear signals in its sample of 25M ip' (T3] . The chal- 
lenge of this measurement is the detection of 50 MeV 
photons. 

With 519 ft)" 1 , BaBar observed r, c (2S) 
K s K + -k~ and r] c (2S) — > K + K~n + TT~n produced in 
photon-photon fusion for the first time |14j . They 
measured the mass and width of rj c and i] c (2S) 
in K s K + tt- decays, m(n c (lS)) = 2982.5 ± 0.4 ± 
1.4 MeV/c 2 , T(n c (lS)) = 32.1 ± 1.1 ± 1.3 MeV, 
m{f] c (2S)) = 3638.5 ± 1.5 ± 0.8 MeV/c 2 , T(r] c {2S)) = 
13.4 ± 4.6 ± 3.2 MeV. These r] c (2S) results are so far 
the most precise measurements. 

Belle updated the analysis of B ± — > K ±r q c and 
B ± — > K ± r] c (2S) followed by rj c and r] c (2S) decay to 
KsK + ir~ with 535 million £?_B-meson pairs [15]. Both 
decay channels contain the backgrounds from B ± — > 
K ± KsK + n~ decays without intermediate charmo- 
nia, which could interfere with the signal. Belle's 
analysis took interference into account with no as- 
sumptions on the phase or absolute value of the in- 
terference. A two dimensional A1(KsK + tt~) - cos 8 
fit was performed to extract signal, where 9 is the 
angle between K (from B directly) with respect to 
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FIG. 3: The KsK + -k~ invariant mass for selected events 
for ip' — > r yK$K + n~ . Points are data and the solid curve 
is the fit results. Blue long-dashed line is signal. Blue 
dashed lines are Xa/Xc2 — > ~yKsK + -K~ events. Red dot- 
ted line is for other backgrounds mainly from the decays 
ip' ->■ tt°K s K + ty-, KsK+ty- and ISR/FSR production of 

KsK + TT~'yiSR/'yFSR- 



Ks in the rest frame of the KsK + tt~. They ob- 
tained the masses and widths of i] c and r] c {2S). For 
the rj c meson parameters the model error is negligibly 
small: M(r? c ) = 2985.4 ± 1.5(stat)±%%(syst) MeV/c 2 , 
T(ry c ) = 35.1 ± 3.1 (stat)±{-%(syst) MeV/c 2 . For the 
rj c (2S) meson the model and statistical uncertainties 
cannot be separated: M(rj c (2S)) = 3636.li^(stat + 
model)±° 2 - 5 (syst) MeV/c 2 , T(r) c (2S)) = 6.6± 8 5 i(stat + 
model)± 2 -{(syst) MeV/c 2 . 

Using 106 million ip' events, BESIII searched for 
r7 c (25) in the decay ip' jr] c (2S), with tj c (2S) ->■ 
KgK + iT~ . Figure shows the invariant mass distri- 
bution of K$K + tt~ , where a three-constraints kine- 
matic fit has been applied (in which the energy of 
the photon is allowed to float). The solid curve in 
Fig. [3] shows preliminary results of an unbinned maxi- 
mum likelihood fit with four components: signal, Xci, 
Xc2 and other background (coming from ip' decays to 
n K s K + ir-, K s K+tt~ and ISR/FSR production of 
KsK + Tr~"fjsR/"fFSR)- The fit, in which the width of 
the 77 C (2S') is fixed at 12 MeV, yields 50.6 ± 9.7 signal 
events, and gives the mass M{-q c {2S)) = 3638.5±2.3± 
1.0 MeV/c 2 . The statistical significance of the signal 
is more than 6a. Using the detection efficiency de- 
termined from MC simulation, the product branching 
fraction is obtained B(ip' -» jrj c (2S)) x B(rj c (2S) -> 



K s K+tt- 



± 0.57 ± 0.48) x 10- 



Using 



the result B(rj c (2S) KKtt) = (1.9 ± 0.4 ± 1.1)% 
from BaBar (THj gives the branching fraction B(ip' — > 
J7] C (2S)) = (4.7±0.9±3.0) x KT 4 . This result is con- 
sistent with CLEO-c's upper limit [T3] and predictions 
of potential models [T7] . 
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The Vc (lS) 

The mass and width of the lowest lying charmo- 
nium state, the i] c (l 1 5o), continue to have large un- 
certainties when compared to those of other charmo- 
nium states [3]. Early measurements of the proper- 
ties of the r\ c using J/ ip radiative transitions [T5J [T9"] 
found a mass and width of 2978 MeV/c 2 and 10 MeV, 
respectively. However, recent experiments, includ- 
ing photon-photon fusion and B decays, have re- 
ported a significantly higher mass and a much wider 
width 13 H3 H2. The most recent study by 
the CLEO-c experiment, using both ip' — > jric and 
J/tp jrjc, pointed out a distortion of the n c line 
shape in ip' decays [22]. CLEO-c attributed the rj c 
line-shape distortion to the energy dependence of the 
"hindered" Ml transition matrix element. 

At BESIII, the r\ c can be produced through ip' — > 
7770 and the r\ c mass and width are determined by 
fits to the invariant mass spectra of exclusive rj c de- 
cay modes. Six modes are used to reconstruct the 
i] c : KsK + t:~ , K + K^tt (} , nir + Tr~, K$K + 'k + it~'k~ , 
K + K~ir + ir~ir°, and 3(7r + 7r~), where the K$ is re- 
constructed in 7r + 7r~, and the r\ and ir° in 77 de- 
cays. Figure [4] shows the n c invariant mass distri- 
butions for selected rj c candidates, together with the 
estimated ir°Xi backgrounds (Xi represents the r] c fi- 
nal states under study), the continuum backgrounds 
normalized by luminosity, and other ip' decay back- 
grounds estimated from the inclusive MC sample. A 
clear r\ c signal is evident in every decay mode. The r] c 
signal has an obviously asymmetric shape that sug- 
gests possible interference with a non-resonant "/Xi 
amplitude. The fitted relative phases between the 
signal and the non-resonant component from each 
mode are consistent within 3u, which may suggest 
a common phase in all the modes under study. A 
fit with a common phase (i.e. the phases are con- 
strained to be the same) describes the data well. 
The preliminary results on the r] c mass and width 
are M = 2984.4 ± 0.5(stat.) ± 0.6(syst.) MeV/c 2 , 
r = 30.5 ± l.O(stat) ± 0.9(syst.) MeV. 

Figure [5] compares the recent measurements of the 
rj c and r] c (2S) mass and width from two photon- 
photon fusion, ip' transition, and B decays. These 
results are in good agreement. Hyperfine splittings 
are AM (IS) = 112.5 ± 0.8MeV, and AM(2S) = 
47.6 ± 1.7MeV. which agree well with recent lattice 
computations [23 . 



Charmonium-like states 

The AT (3872) was first observed as a narrow peak 
in the ir + ir~ J /ip invariant mass spectrum near D*°D° 
threshold from B — > Kir + ir~ J/tp decays by Belle 24J 
in 2003, and later confirmed by BaBar [25]. The 
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FIG. 4: The M(Xi) invariant mass distributions for the r\ c 
decays to KsK + ty~ , K + K~tt°, r/iv + ir~, KsK + ir + ir~ir~ , 
K + K~ir + Tr~ir° and 3(tt + -k~), respectively, with the fit 
results superimposed. Points are data and the solid 
lines are the total fit results. Signals are shown as 
short-dashed lines; the non-resonant components as long- 
dashed lines; and the interference between them as dot- 
ted lines. Shaded histograms are (in red/yellow/green) 
for (continuum/7r°Xi/other ip' decays) backgrounds. The 
continuum backgrounds for K$K + tt~ and t)-k + h~ decays 
are negligible. 
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FIG. 5: Comparison of the masses (left) and widths (right) 
of the r/ c (top) and n c (2S) (bottom) measured from from 
the two-photon process, ip' transition, and B decays. 



A(3872) — > 7T+7T J/ip decay was also observed in- 
clusively in prompt production from pp collisions at 
the Tevatron by both CDF [2J] and DO [27]. CDF 
studied the angular distributions and correlations of 
the Tt + ir~J/ip final state, found that the dipion was 
favored to originate from p° — > 7r + 7r~, and thus only 
J PC assignments of 1 ++ and 2 h explained their mea- 
surements [28]. 

A number of theoretical models have been proposed 
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for the A(3872) states, such as conventional char- 
monium state, DD* molecules, diquark-diantiquarks, 
cc-gluon hybrids etc., but none can comfortably ac- 
count for all experimental results. Charmonium states 
1 ++ x c i(2P) and 2 h r? C 2( 1 £ ) 2) are possible candidate 
states for the A (3872). For a Xci(2P) state, a large 
X c i(2P) — > jJ/ip branching fraction is expected; ex- 
perimental results do not agree. For a n^i^D^) state, 
a large width is expected; but the observed A(3872) 
is narrow. In the DD* molecule model it is hard to 
explain the large radiative decay rate, the mrJ/il) rate 
and the production in pp. The diquark-diantiquarks 
model predicts partners for the A (3872), but no part- 
ner has been found yet. For cc-gluon hybrids, the mass 
is too low. 



The mass of X(3872) 

With 2.4 fb _1 data, CDF presented an analysis of 
the mass of the A (3872) reconstructed via its decay 
to irnJ/ip [25]- They found ~ 6K candidates, shown 
in Fig. [6j They measured the A(3872) mass M x = 
3871.61 ± 0.16(stat) ± 0.19(syst) MeV/c 2 , which is 
the most precise determination to date. In EPS2011, 
LHCb presented measurements of the A(3872) mass 
of M x = 3871.97±0.46±0.1 with 35 pb" 1 data. Belle 
also updated the mass and width measurements with 
711 fb" 1 data 30J . A new world average that includes 
these new measurements and other results that use the 
■rnrJ/i) decay mode is M x = 3871.67 ± 0.17 MeV/c 2 . 

An important feature of the A (3872) is its mass 
is close to the D°D*° threshold. A possible inter- 
pretation is that the A (3872) is a molecule- like ar- 
rangement comprised of a D*° and a D° [31] [32] . 
Crucial to these models is whether the A (3872) mass 
is above or below m(D*°) + m(D°). Taking the D° 
and D*° mass from PDG 2010, m(D*°) + m(D°) = 
3871.79 ± 0.30 MeV/c 2 . The new world average is 
0.12 ± 0.35 MeV/c 2 lower than m(D*°) + m(D°), as 
shown in Fig. [7j 
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FIG. 6: Invariant mass distribution of the X(3872) candi- 
dates. The points show the data distribution, the full line 
is the projection of the unbinned maximum-likelihood fit, 
and the dashed line corresponds to the background part 
of the fit. The inset shows an enlargement of the region 
around the X(3872) peak. Residuals of the data with re- 
spect to the fit are displayed below the mass plot. 
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FIG. 7: Comparison of the mass measurements of the 
X(3827). 



Models of tightly bound diquark-antidiquark sys- 
tem feature two neutral and one charged partner 
states [33]. The A (3872), observed in B + decays, 
is interpreted as a cucu combination. In B a — > 
Kstt + tt~ J/ip, one should see a partner state, the 
cdcd combination. The two states differ in mass by 
a few MeV. In addition, a neutral edes partner and 
a charged (cued) partner are also expected by isospin 
and flavor-SU(3). 

BaBar gHj and Belle 0D] measured the A(3872) 
mass for B + -» K + n + ir~ J/tp and B° — S- 
Kstt + tt~ J/tp decays, separately. They found mass 
differences that are consistent with zero, AM X = 



-0.69 ± 0.97 ± 0.19 MeV/c 2 for Belle, and AM X = 
2.7 ± 1.6±0.4MeV/c 2 for BaBar. The possibility that 
the A(3872) enhancement in ir + ir~J/-ip is composed 
of two different narrow states, Xl and Xh, was ad- 
dressed by CDF 129. By fitting their - 6000 event 
A(3872) — > n + TT^J/ip peak with two different Gaus- 
sian functions, they found Xl and Xh have masses 
closer than 3.6 MeV for equal A^ and Xh production. 

BaBar searched for a charged partner of the 
A(3872) in the ir + w°J/ijj mass distribution from B —> 
Ktt + tt J/ip decays, and found no evidence for a signal 
in either B° or B + decays [33]. They determined the 
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upper limits B(B° -> K~X+) x B(X+ -> P+ J/V>) < 
5.4 x 10- 6 , £(£+ -> if°X+) x B(X+ -> p+J/V) < 
22 x 1CT 6 at 90% CL. The Belle limits for the same 
quantities at 90% CL are B(B° ->• K~X+) x B(X+ -+ 
p+J/^) < 4.2 x 10~ 6 , B{B+ -> K°X+) x B{X+ -> 
p + J/i>) < 6.1 x 10~ 6 30 . The results rule out the 
isospin triplet model for the X(3872). 



The X(3872) -> jJ/ip(ip') 

Using a data sample of 465 million BB pairs, BaBar 
searched for B — > ccyK decays, found evidence for 
X(3872) ->■ and X(3872) ip'~/ with 3.6 a and 

3.5 er, respectively [35] . They measured the prod- 



uct of branching fractions B{B d 



— > 



X(3872)if ± ) 



B{X(3872) J/ipi) = (2.8 ± 0.8 ± 0.1) x 10~ 5 
and B{B ± -> X(3872)if ± ) • £(X(3872) -> V't) = 
(9.5 ± 2.7 ± 0.6) x 10~ 6 , and obtained the ratio 

B %S^f/'A = 3-4 ± 1.4. The relatively large 
branching fraction of X (3872) — > ip'j is generally in- 
consistent with a purely D°D*° molecular interpre- 
tation of the X(3872), and possibly indicates mixing 
with a significant cc component. 

With 772 million BB events, Belle observed 
X(3872) -> J/-07 in the charged decay B+ -> 
X(3872)if + with a significance of 4.9er, while in 
a search for X(3872) — > jtp' no significant signal 
was found |36j . They measured the branching frac- 
tions B(B ± X(3872)if ± )i3(Jf (3872) -> J/iprf = 
(1.78^'g ± 0.12) x 10" 6 , and provided upper limit 
on the branching fraction B{B ± -> X(3872)2f ± ) • 
S(X(3872) -> V'7) < 3.45 x lO" 6 . The upper limit 



on the ratio was 



6(X(3872)-^' 7 ) 



< 2.1 (at 90% CL). 



Bpf(3872)-i-J/V>7) 

This results of Jf (3872) -> -/J/i/j from Belle and 
BaBar are consistent, while the X(3872) — > -fip' re- 
sults are in disagreement. More data is need to con- 
firm these results. 



The B -> if?rX(3872) 

The production characteristic of the X(3872) in pp 
collisions, such as the px and rapidity distributions 
and the ratio of prompt production versus production 
via B-meson decays, are very similar to those of the 
well established ip' charmonium state [37]. Thus it 
is of interest to compare production characteristics of 
the X(3872) to those of other charmonium states in 
B meson decays. One common characteristic of all of 
the known charmonium states that are produced in 
B meson decays is that when they are produced in 
association with a Kir pair, the Kir system is always 
dominated by a strong if* (890) — > Ktt signal. 

Belle studied the A" (3872) production in association 
with a Ktt in B° — > K + tt~tt + tt~ J/ip decays [37]. In 
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FIG. 8: The Ktt mass spectrum for the B — > ip'Kw. 
B — > ip'K*(892)° is shown by the dotted red curve, 
B — > ?// if* (1430)° by the dash-dot magenta curve, and 
the background by the dashed blue curve. 




FIG. 9: The Km mass spectrum for the B -> X(3872)if tt 
candidates. B — > X(3872)(K + tt~)nr is shown by the 
dash-dot red curve, B -> X(3872)if * (892)° by the dotted 
magenta curve, and the background by the dashed blue 
curve. 



a sample of 657M BB pairs, about 90 tt + tt~ J/ip sig- 
nal events are seen. Figure [8] shows the Ktt invariant 
mass distribution for these events, where it is evident 
that most of the Ktt pairs have a phase space like dis- 
tribution, with little or no signal for if* (890) — » Ktt. 
All of the events in the K* peak seem to be due to the 
side-band determined background. This is contrasted 
to the B — > Kirip' events (with ip' — s- tt + tt~ J/ip) in 
the data sample, where the if-7r invariant mass distri- 
bution, shown in Fig.[9j is dominated by the if* (890). 

The X (3872) state remains a mystery. Better un- 
derstanding demands more experimental constraints 
and theoretical insight. 



The Y states 

y(4260), the first unexpected vector charmonium- 
like state, was observed by BaBar [3H] in ISR produc- 
tion of F(4260) ->■ TnrJ/ip. CLEO [3J] and Belle @D] 
confirmed the BaBar result, but Belle also found an 
additional broader structure at 4008 MeV/c 2 . BaBar 
found [H] another enhancement, F(4360) in tt + tt~~i{j' , 
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254061 0-S004 




Vs (GeV) 

FIG. 10: Measured e + e~ exclusive open-charm 
meson- or baryon-pair cross sections [43] . (a) DD 
(b) DD(c) D+D*~(d) DD* for D — D° (solid squares) 
and D = D + (open circles) (e) D*+D*~ (f) D*D* 
(g) DD+ (h) DD*+(i) A+A- 



which Belle measured with larger mass and smaller 
width, Belle also found [H] a second structure near 
4660 MeV/c 2 . 

There is only one unassigned 1 charmonium state 
in this mass region, the 3 3 Di, and no room to ac- 
commodate all of the four observed peaks. Figure [T0| 
shows the DD cross sections. No enhancement is seen 
for any Y —> D^D^*\ The absence of any evidence 
for Y(4260) (F(4360)) decays to open charm implies 
that the ir + ir~ J/ip(ir + ir~ip') partial width is large. 
Ref. [S] gives r(F(4260) n+ir-J/xp) > 508 keV 
at 90% CL, an order of magnitude higher than ex- 
pected for conventional vector charmonium. Charmo- 
nium would also feature dominant open charm decays, 
exceeding those of dipion transitions by a factor ex- 
pected to be > 100, as is the case for the •0(3770) and 
Vj(4160). 

At the EPS2011 conference, Belle presented an 
analysis of F(4260) — > TT°7r°J/tp. They measured 
r ee £(J/V>7r°7r°) = 3.19±i;||±g:f| ev, which is about 
half of the r ee #(7r+7r- J/tp) = 5.9±JJ ev 0. This is 
consistent with the CLEO's study [45] on direct pro- 
duction of y(4260) in e + e~ collisions. It implies that 
the F(4260) has / — 0, as expected for a cc state. 



The decay tp' — > 77r°, 777 

The study of vector charmonium decay to a photon 
and neutral pseudoscalar meson P = (ir° ,77,77') pro- 
vides experimental constraints on the relevant QCD 




0.05 0.1 0.15 0.2 0.25 0.3 

10 i i t 




0.4 0.5 0.6 0.7 0.85 0.9 0.95 1 1.05 



FIG. 11: Mass distributions of the pseudoscalar meson 
candidates in tp' —¥ jP: (a) 771"°, (b) 7?;(7r + 7r _ 7r ); (c) 
777(3-71-°); (d) 7?/[7r + 7r - ?7(77)]; and (e) yri' (■yir + tv~ ) . 



predictions, such as the vector meson dominance 
mode(VDM), two-gluon couplings to qq states, mix- 
ing of T)c — V • The ratio R n = B(tp(nS) — > 
"/r])/B(tp(nS) — > 777') is predicted by first order per- 
turbation theory, and R\ ~ R2 is also expected |4"S] . 
However, CLEO-c reported measurements for the de- 
cays of J ftp, tp' and tp" to jP, and no evidence for 
tp' — > 777 or 77T° was found [47]. Therefore, they ob- 
tained R 2 << Ri with R 2 < 1.8% at 90% CL. Such 
a small R2 is unanticipated, and it poses a significant 
challenge to our understanding of the cc bound states. 
Do other processes contribute? Is this related to the 
p7r puzzle [4"5] ? 

With 106M tp' events, BESIII observed tp' -> 771- 
and tp' — > 777 and tp' — > 777' , where 77 is recon- 
structed from 77 — > 7T + 7r~7r° and 7r 7r 7r°, and 77' is re- 
constructed from 77' — > Tr + 7r~?7 and 77' — ¥ 77r + 7r _ [49] . 
as shown in Fig. |11[ The measured branching frac- 
tions are summarize in Table. IT] The R2 is about 20 
times smaller than Ry. Q = g[^/Z^p] for each decay 
mode is also shown in the table, which is much smaller 
than 12%. 
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TABLE I: The measured branching fractions for ij/ — > 771"°, 
JT), 777'. The branching fractions for J/ip decays are from 
the PDG. 



mode 




B(J/V)[xlO- 4 ] 


Q = BW)/B(J/1>) 


77T° 


1.58 ±0.42 


0.35 ±0.03 


(4.5 ± 1.3)% 


IV 


1.38 ±0.49 


11.04 ±0.34 


(0.13 ±0.04)% 


m' 


126 ±9 


52.8 ± 1.5 


(2.4 ±0.2)% 


Rl/2 


(1.10 ±0.39)% 


(20.9 ±0.9)% 





TABLE II: Compare the \ c j — > 7V branching fraction of 
pQCD calculations, with measurements from CLEO-c and 
BESIII. 



mode 


pQCD 


CLEO-c 


BESIII 


XcO -> 


7P° 


1.2 


< 9.6 


< 10.5 


Xcl -> 


7P° 


14 


243 ± 19 ± 22 


228 ± 13 ± 16 


Xc2 -» 


7P° 


4.4 


< 50 


< 20.8 


XcO -> 


70; 


0.13 


< 8.8 


< 12.9 


Xcl -» 




1.6 


83 ± 15 ± 12 


69.7 ±7.2 ±5.6 


Xc2 "4 


'yuj 


0.5 


< 7.0 


< 6.1 


XcO -> 


70 


0.46 


< 6.4 


< 16.2 


Xcl -> 


70 


3.6 


< 26 


25.8 ±5.2 ±2.0 


Xc2 -> 


70 


1.1 


< 13 


< 8.1 



The decay X cj -> lV , VV 

Xcj events make significant contributions to the ra- 
diative decays of 0'. The decay of the P wave Xcj 
to ~{V provides a good chance to validate theoreti- 
cal predictions and search for glueballs [SU]- CLEO-c 
found [51] a surprisingly large Xcj — > jV branching 
fraction, an order of magnitude higher than the pQCD 
prediction [52]. With 106M ip 1 events, BESIII studied 
the decays Xcj — > jV, with V representing p°, lu and 
4> [S3J . The results are listed in Table [IlJ where the 
decay Xci — > 70 is the first observation. The results 
provide tight constraints on QCD. 

Vector pair decay modes are measured at BE- 



SIII [54 . In the analysis, Xcj candidates are recon- 
structed with cjxfi, lolj and Lief), respectively. The helic- 
ity selection rule suppressed decays Xci - ► 4>4>/ UJU > are 
observed for the first time and there is an evidence of 
the doubly OZI suppressed decay Xci — > w<t> with a 
significance of 4.1(7. 

BESIII searched for r/ c (2S) — > VV decays using 
106M tp' events, where VV represents p°p°, K*°K*° 
and 4>4> [55]. They found no evidence for r] c (2S) — > 
VV signal, and determined 90% limits on the branch- 
ing fractions, which are lower than the theoretical pre- 
dictions [56] . 

Summary 

Charmonium is the best understood hadronic sys- 
tem. All the lowest-lying charmonium states have 
been found; the long-anticipated states have been 
measured with high precision, good agreement be- 
tween their measured properties and theory. Higher- 
mass charmonium meson searches have produced sur- 
prises; unanticipated states showed up. 

Enormous progress has been achieved on charmo- 
nium decays. Many expected decays and transitions 
have either been measured with high precision or for 
the first time. 

Belle, BaBar, CLEO, CDF and DO have produced 
fruitful results in the past. LHC is starting to pro- 
duce physics results. Large data samples from LHC 
will allow identification of the X, Y, Z states, and 
measurements of production, and polarization. BE- 
SIII will continue to study charmonium physics. Fu- 
ture experiments, such as PANDA, will complement 
the activities at other labs. 
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